Temperature dependence of the critical micelle concentration (CMC), x CMC, in micellization can be described by ln x CMC = A + BT + C lnT + D/T, which has been derived statistical-mechanically. Here A, B, C, and D are fitting parameters. The equation fits the CMC data better than conventionally used polynomial equations of temperature. Moreover, it yields the unique(exponent) value of 2 when the CMC is expressed in a power-law form. This finding is quite significant, because it may point to the universality of the thermal behavior of CMC. Hence, in this article, the nature of the equation ln x CMC = A + BT + C lnT + D/T is examined from a lattice-theory point of view through the Flory-Huggins model. It is found that a linear behavior of heat capacity change of micellization is responsible for the CMC equation of temperature.
Introduction
The capacity to aggregate in solutions is one of the characteristics of surfactants. Micelles are one type of such aggregations and exist above the narrow concentration range called the critical micelle concentration (CMC) where various physical properties of the surfactant solutions change abruptly.
Micellization is affected by various factors such as the physical properties of surfactant species (hydrophobic volume, chain length, head group area), temperature, pressure, ionic strength, pH, etc. Among them temperature has been one of the focal points, since changes in CMC with temperature can provide information on molecular interactions. Accordingly, numerous studies on CMC versus temperature have been done so far. 1 For nonionic surfactants the CMC decreases with temperature due to an increase in hydrophobicity caused by the destruction of hydrogen bonds between water molecules and hydrophilic groups. 2 Therefore, the log CMC of nonionic surfactants vs. l/T plot is nearly linear. 2 However, for ionic surfactants the CMC displays a U-shaped behavior with temperature. 3, 4 The CMC minimum is characterized by the mole fraction, x * CMC , of the surfactant and the temperature, T * at x * CMC . Furthermore, the effect of temperature on CMC can be represented by a power law expression It has been a common practice to analyze the measured CMC data, x CMC (T), with temperature using polynomial equations of the type ln x CMC = a + bT + cT 2 + dT 3 + dT 4 + dT 5 + dT 6 + … . (2) However, Lim et al. have found that, when Eq. (2) is used for the power-law expression of Eq. (1) , the values of the exponent n changes substantially with the number of terms used even for a fixed surfactant system. 5 
Here A, B, and C are coefficients or fitting parameters. Meanwhile, Lim et al. proposed
which was derived employing thermodynamic equations on micellization and some observed typical phenomena in micellization, such as compensation phenomena and linear dependence of enthalpy of micellization on temperature, 5, 9 and also proposed Kyung-Hee Lim
which was derived from statistical-mechanical analysis of micellization. [10] [11] [12] [13] [14] Compared to the polynomial equation, Eq. (2), of temperature, Eqs. (4) to (6) yield better fitting results for a given surfactant system; the correlation coefficient of the latter is much closer to 1 than that of the former. What is much more important is that the last three equations yield n = 2, irrespective of surfactant system.
14 That is, n = 2 appears to be universal for the (normal) micellization. This finding is quite significant and may shed light on better, theoretical understanding of micellization.
If the exponent n is found with the polynomial equations of temperature, n appears to depend on the surfactant system. For example, La Mesa found that n = 1.73 ± 0.03 for nine ionic surfactants. 15 In contrast, Stasiuk and Schramm 16 obtained n = 3.54 for three commercial ionic surfactants and n = 5.80 for two commercial amphoteric surfactants. These results would point that the exponent n is characteristic to the surfactant system. Then, the CMC must be measured at various temperatures for a given surfactant system to examine the effect of temperature on the CMC. However, if n = 2, irrespective of surfactant system, then pre-exponential factor Apower in Eq. (1) would reflect the characteristics of the surfactant system under examination. This would enable us to determine CMC at an arbitrary temperature with much fewer experimental data.
Eq. (6) appears that it is obtained by combining Eqs. (4) and (5). In fact, Eq. (6) can be obtained from Eq. (4) or (5) with the assumption that the degree of counterion binding, β, depends linearly with temperature (β = β0 + β1T ). Since Eqs. (4) and (5) are semi-theoretical and Eq. (6) is relatively rigorous, one may take the latter more seriously. It is quite necessary to establish that the basis of Eq. (6) is solid and that n = 2 is correct. For that matter significance of Eq. (6) is examined from latticetheoretical standpoint in this article.
Cationics are known to exhibit excellent antistatic effects and softness. OTAC is probably the most commonly used in such applications. However, little has been conducted on the micellization of this surfactant. This was the reason OTAC was selected as the surfactant, 6 and a part of the Lim et al.'s results are used in this article.
Experimental
Materials. The cationic surfactant octadecyltrimethylammonium chloride (OTAC) was purchased from Fluka. The surfactant had a stated purity of 98%. It was recrystallized twice from absolute ethanol for further purification. The purified surfactant was finally dried in an evacuated desiccator. 17 The water used was distilled and deionized.
Electrical Conductivity Measurements. The critical micelle concentrations (CMCs) of OTAC were determined from the electrical conductivities of its aqueous solutions. For the conductivity measurements of the surfactant solutions, a Radiometer (Paris, France) Model CDM 210 conductivity meter and a Model CDC641T conductivity cell with platinized electrodes were used. The conductivity cell was calibrated with standard KCl solutions. The surfactant concentrations were changed by the addition of deionized water from a burette to the surfactant solution, which was contained in a jacketed, thermostatted beaker. The surfactant solution was mixed thoroughly using a magnetically driven stirrer. The temperature was controlled within 0.1 o C by a microprocessor-installed thermostat bath (Model VS-1205WP-CWO, Vision Scientific, Seoul, Korea).
Theory
Gibbs Free Energy of Micellization, ∆Gmic. 5, 8 Thermodynamics of micellization has been often described by the models of mass action law and phase separation. In this article I take the closed association model, which is popular one of the mass action law models, and which provides the essence of micellization without loss of generality. In this model it is assumed that monodisperse micelles comprised of n surfactant molecules are found, which are formed via the following reaction:
surfactant counterion micelle where S, G, M, and z stand for surfactant monomer, counter (gegen) ion, micelle, and the charge or the valence of the micelle, respectively. The equilibrium constant K for the reaction is
in which a i is the activity of the species i. Use is made in Eq. (8) of the relation ai i γ = xi with γ and x being the activity coefficient and mole fraction, respectively. If we assume that Kγ = 1 or ideal system, then the activities can be replaced by the mole fractions and therefore Eq. (8) becomes
For the monomer, = 1 amounts to assuming that the departure from ideal behavior is only the aggregation process. In principle, it can be removed by estimating activity corrections from solution theory. However, it is quite problematic to assume ideal behavior for the micelles (i.e., M γ = 1) because of the large size difference between monomers and micelles. 18 The micelles will also interact strongly and for ionics the interaction will become very significant as soon as the mean separation is less than about 8 ~ 10 times double layer thickness that occurs at surfactant concentrations not far above the CMC. It must also be noted that, when ionic micelles are formed, there is a strong tendency for the counter ions to be associated closely with the head groups, because of the high electrical potential in that region. This is another source of nonideality. Notwithstanding the problems attributed to the assumption i γ = 1, Eq.
(9) still represents micellization quite well.
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The standard Gibbs free energy change, , for the micellization of Eq. (7) can be obtained from the well-known
1
1 2 is the degree of counter ion binding. This is the relationship between and for micellization. Although the degree of counter ion binding, β , is usually a weak function of temperature, it can be taken as constant without loss of generality.
Statistical-Mechanical Derivation of ln x CMC (T).
12-14 For a micellar solutions consisted of Nw solvent (water) molecules, N1 surfactant monomers, and NMs micelles with association mumber s, the partition function Q may be described by where is the particle partition function of species i. After 's are found accounting for the essential phenomena in micellization (such as hydrophobicity, electrical interaction, van der Waals interaction, translational, rotational, vibrational motions, electronic contribution, etc), the partition function Q is obtained. The micelle system under consideration has obviouly the following constraints:
Here Nst, NMs, Ns, Nw, N1 and N are, respectively, the total number of surfactant molecules, number of micelles of size s, total number of surfactants in the micelles, number of solvent (water) molecules, number of surfactant monomers, and the total number of particles. Eqs. (17) and (18) 
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The conventional concentration C in the unit of moles per liter is related to the N s and V f by the relation with NAv being the Avogadro's number and fv being the fraction of free volume to the total volume. Hence, putting into Eqs. (21) to (23) Each polymer molecule has ν segments and therefore the number of total lattice points is Nw + ν Np (= NLT). Since a solvent molecule or a polymer segment occupies one lattice point, the (volume) fractions w φ of the solvent and of the polymer are, respectively, If a solvent molecule and a polymer has n c nearest neighbors, and the interaction energy between particle j and particle k is j ε jk, then the energy E of the polymer solution can be described as
Since E is found, the canonical partition function Q of the polymer solution is obtained as where g (N w , N p , ν ) is the degeneracy at the energy E. The essential point of Flory-Huggins model lies in the way of calculating g (N w , N p , ν ) . According to the model g*(N w , Np, ν ) for the maximum term in the summation of Eq. (29) is given approximately by 13, 25, 26 and therefore one can obtain Helmholtz free energy of the polymer solution employing the characteristic equation, F(Nw, Np, ν ) = -kT ln * Q , of the canonical ensemble. Here * Q is the partition function after the summation in Eq. (29) where χ is the interaction parameter, defined by
The first equality in Eq. (32) is the reflection of the fact that in the lattice theory Helmholtz free energy and Gibbs free energy are equivalent.
Results and Discussion
Electrical conductivities of aqueous OTAC solutions at different surfactant concentrations and temperatures are shown in Figure 1 . At each temperature the electrical conductivity exhibits an excellent linear relationship with surfactant concentration. The break point or the point of intersection of the two conductivity lines are taken as the CMC. Figure 2 shows the CMCs thus determined at various temperatures. Ionic surfactants have been known to display a U-shaped behavior in a CMC-temperature plot. The CMCs of the cationic OTAC surfactants also exhibit this behavior. The CMC decreased to the minimum point and then increased with temperature. th polynomial equations to the CMC-temperature data for aqueous solutions of the cationic OTAC. 
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Also in Figure 2 , fits of 4 th -, 5 th -, and 6 th -order polynomial functions to the CMC data are shown. The polynomials fit the data excellently, as indicated by the correlation coefficients of 0.99. However, as stated in Introduction, quite different n's are obtained and n appears to be sensitive to the order of the polynomial used. Among three values (1.48, 1.56, and 1.12 ) of n, which one we choose is quite arbitrary. However, this is not the case with Eqs. (4), (5) , and (6) . If these equations are used for Eq. (1), the exponent n is always equal to 2. When these equations are used for other surfactants, the exponent n is 2 consistently. 6, 7 Thus, the exponent n takes only one value of 2, irrespective of surfactant. This result is quite significant, because n = 2 appears to be a universal property for micellar solutions. Moreover, Eqs. (4), (5), and (6) yield better fitting results. Figure 3 shows the fits of Eq. (4) and the 2 nd -order polynomial ln xCMC = a + bT + cT 2 to the OTAC CMC data. Both equations (with the same number of the fitting coefficients) fit the data well and Eq. (4) The fact that the unique value of n = 2 is provided by Eq. (6) is quite significant. Hence, the nature of Eq. (6) should be scrutinized. One of the basic thermodynamic relation is P C ∆ = ( ) ( ) temperature, i.e., . Experiments on micellization show that is generally a linear function of temperature and that therefore ∆CP,mczn is constant. [26] [27] [28] [29] Hence, these observations appear to be inconsistent with the theoretical predictions. However, the real situation is like the one shown in Figure 4 , which is prepared based on the CMC data of the cationic surfactant OTAC. 
Conclusions
The temperature dependence of CMC in micellization can be adequately described by Eq. (6), which has been derived statistical-mechanically. The prominent feature of Eq. (6) is that it yields the unique value of 2 for the power-law exponent n, without respect to surfactant species.
From the lattice-theoretic point of view, Eq. (6) may be based on the linear behavior of the heat capacity change of micellization, ∆CP,mczn, with temperature (∆CP,mczn = aCp,mczn + bCp,mcznT). This points to a quadratic behavior of the enthalpy change of micellization, . Experimental measurements show that depends linearly on temperature. It is, because the measurement temperatures are usually above 0 o C (= 273 K) of the freezing point of water. At these temperatures theoretical also displays a linear behavior, which is evidenced by Figure 4 . Hence, all these support that the linear behavior of ∆CP,mczn may be responsible for the CMC of the type of Eq. (6).
